Background Biological scaffolds must support a complex balance of resisting enzymatic degradation while promoting tissue remodeling. Thus, the purpose of this study was to evaluate the effects of in vitro enzymatic exposure on the mechanical properties of biological scaffolds. It was hypothesized that exposure to an enzyme solution would result in decreased tensile strength and that crosslinked scaffolds would resist enzymatic degradation more effectively than noncrosslinked scaffolds. 
Abstract
Background Biological scaffolds must support a complex balance of resisting enzymatic degradation while promoting tissue remodeling. Thus, the purpose of this study was to evaluate the effects of in vitro enzymatic exposure on the mechanical properties of biological scaffolds. It was hypothesized that exposure to an enzyme solution would result in decreased tensile strength and that crosslinked scaffolds would resist enzymatic degradation more effectively than noncrosslinked scaffolds. Methods Nine scaffolds were evaluated (four porcine dermis: Permacol TM 
, PeriGuard
Ò ; and one porcine small intestine submucosa: Surgisis TM ). Ten specimens (n = 10) were hydrated in saline at 37°C and subjected to uniaxial testing to establish baseline properties. 50 specimens (n = 50) were incubated in collagenase solution at 37°C for 2, 6, 12, 24, or 30 h (n = 10 each group) followed by uniaxial tensile testing. , and Surgisis TM degraded more quickly and did not survive the longer exposure periods. Scaffolds that maintain strength characteristics after in vitro collagenase exposure may be advantageous for long-term hernia repair scenarios where elevated enzyme levels are expected.
Keywords Hernia repair Á Biologic mesh Á Tensile strength Á Enzymes Á Matrix metalloproteinases Á Strain Synthetic scaffolds such as polypropylene or expanded polytetrafluoroethylene are commonly utilized in hernia repair [1, 2] and urogynecological [3] applications. However, use of a synthetic material results in implantation of a permanent foreign body that elicits a chronic inflammatory response and is not remodeled by the host [4] . Biological scaffolds have recently emerged as an alternative to synthetic materials. Biological scaffolds are composed of the extracellular matrix (ECM) component of various human and animal tissues, including dermis, pericardium, and small intestine submucosa [5, 6] .
The properties of these biological scaffolds are dependent upon the original species and type of tissue from which they are derived, as well as the processing that the scaffold undergoes [7] . All scaffolds undergo initial processing to render them acellular, but some are also chemically crosslinked. Crosslinking results in additional bonds between the collagen fibers of the ECM, which may improve the strength of the scaffold and/or prevent rapid loss of strength when exposed to enzymes such as collagenases and gelatinases in vivo [8] .
An advantage of utilizing biological scaffolds rather than synthetic materials is that the ECM contains collagen, elastin, growth factors, and other components that encourage tissue remodeling at the repair site. Biological scaffolds should gradually degrade until all that is left behind is new, vascularized tissue [5] . Ultimately, no foreign material remains over the long term, so chronic inflammation is minimized. Another benefit is that biological scaffolds can be utilized in wounds that require rapid revascularization and clearance of bacteria [9] .
Even with all of these benefits, biological scaffolds also present some major disadvantages, namely, extremely high cost compared to synthetic materials and potential early degradation of the scaffold, leading to failure of the repair [10] . Appropriate resistance to enzymatic degradation is critical because these scaffolds are often utilized in wound environments in which they are subjected to elevated levels of enzymes such as matrix metalloproteinases (MMPs) produced by inflammatory cells, predominantly neutrophils [11, 12] . The scaffolds must support a complex balance of resisting degradation and promoting cellular attachment, neotissue deposition, and angiogenesis until the repair site has healed.
MMPs are the enzymes responsible for breaking down ECM components such as collagen and elastin during normal wound healing and tissue remodeling. MMPs include collagenases and gelatinases such as MMP-1, -2, -8, and -9 [13] . Collagenases such as MMP-1 and MMP-8 are commonly detected in healing wounds [12] . MMP-1 is produced by fibroblasts and degrades type III collagen, while MMP-8 is produced by neutrophils and degrades type I collagen [14] . Gelatinases such as MMP-2 and MMP-9 are also produced by fibroblasts and neutrophils, respectively, and degrade collagen and elastin [13, 15] . Biological scaffold materials are composed of ECM, which is primarily type I and type III collagen with some elastin, growth factors, and other bioactive components.
MMPs such as collagenases and gelatinases are largely responsible for degrading biological scaffold materials in vivo. For this reason, a ''crude'' collagenase formulation (Sigma #C0130) was selected for the following experiments rather than a purified form of a single collagenase. This crude formulation comprised a mixture of collagenases and other proteases capable of degrading collagen [16] . It is thought that proteases and collagenases work together in vivo to remodel tissues, making this crude formulation an appropriate choice for these experiments.
As more biological scaffold materials are developed, it is critical that these materials are fully characterized for potential applications such as hernia repair and breast reconstruction. The processing that each scaffold undergoes (i.e., decellularization, crosslinking, and sterilization) plays a key role in the resulting properties of these materials and their suitability for long-term repair. Thus, the purpose of this study was to evaluate the effect of enzymatic degradation on the mechanical properties of a variety of biological scaffold materials. By investigating this effect on both crosslinked and noncrosslinked scaffolds derived from a variety of sources and types of tissues, we assessed how variables such as crosslinking and other processing conditions affect the scaffold's ability to resist enzymatic degradation and maintain mechanical integrity. It was hypothesized that exposure to a collagenase solution would result in decreased mechanical properties over time and that crosslinked scaffolds would resist enzymatic degradation and retain initial mechanical properties more effectively than noncrosslinked scaffolds derived from the same source/type of tissue.
Identifying which variable exerts the most influence over mechanical properties following enzymatic exposure will allow surgeons to determine which biological scaffold to utilize for a particular application. Many applications such as hernia repair and breast reconstruction require a scaffold to retain its initial strength for a relatively long period of time. Other applications such as dermal substitutes or materials utilized to reinforce an incision to prevent incisional hernia may tolerate some early loss of strength [17] . A thorough comparison of the resistance of each type of scaffold to enzymatic degradation will also improve surgeons' understanding of which scaffolds are most at risk for rapid degradation when utilized in a wound environment with elevated levels of MMPs. ). Details about the processing of each scaffold are given in Table 1 and have been described in detail previously [18] .
Materials and methods

Scaffolds evaluated
Specimen preparation
Sixty (n = 60) specimens were prepared of each scaffold type. The standard shape for a uniaxial tensile test specimen is a ''dog bone'' shape *1.0 cm wide and 6.0 cm long with a narrowed central region *0.4 cm wide and 1.5 cm long (scaled down from ASTM specification #D638-03) as shown in Fig. 1 . A stainless-steel template and a scalpel were utilized to prepare each specimen to ensure consistency.
Mechanical evaluation
As described previously [19] , 10 (n = 10) specimens of each scaffold were incubated in saline solution at 37°C until fully hydrated (*2 h). These specimens comprised the ''time zero'' group and represent the mechanical properties of the scaffolds before implantation and without exposure to enzymes such as collagenases. 10 (n = 10) specimens of each scaffold were also incubated at 37°C in a 0.1 M Tris buffer solution (pH 7.4) containing 0.05 M CaCl 2 and 20 U/mL collagenase (Sigma #C0130) for each time point evaluated (2, 6, 12, 24 , and 30 h). This particular concentration of collagenase and the duration of the incubation periods were selected based on preliminary studies (unpublished data) and do not correlate with a particular clinical scenario.
After the incubation period, the specimens were removed from the enzyme solution, blotted to remove excess solution, and subjected to uniaxial tensile testing on an Instron Ò 5542 material testing system (Instron, Norwood, MA). During uniaxial tensile testing, each specimen was oriented vertically in the Instron Ò machine with a 4.0-cm gauge length and *1.0 cm of scaffold fastened in each pneumatic grip (upper and lower, 40 psi each) as shown in Fig. 1 . Each specimen was then subjected to uniaxial tension at a rate of 300 mm/min until failure. Tensile stress was calculated by dividing the load (force) that the specimen sustained (units = newton, N) during the tensile test by the cross-sectional area (units = square millimeters, mm 2 ) of the specimen to yield tensile stress in units of megapascals (MPa), where 1 N/mm 2 = 1 MPa. The cross-sectional area (mm 2 ) of the central region of the specimen was calculated by multiplying the width of the central region (0.4 cm) by the scaffold thickness. Previously, the thickness of each scaffold was assessed in our laboratory via laser micrometry, and these values can be found in the published literature [18] . Tensile strain was also calculated by dividing the change in specimen length during the uniaxial tensile test by the original specimen length. Simply put, strain is a measure of the amount that the scaffold stretched during the tensile test. Finally, modulus of elasticity (also known as deformation modulus or Young's modulus) was calculated by taking the slope of the line formed when stress was graphed versus strain. Modulus represents the elasticity of a material or its resistance against deformation.
Degradation of the scaffold and loss of mechanical integrity were hypothesized to result in significantly reduced tensile strength, tensile strain, and modulus over time. As the collagenase enzymes digest the collagen structure of the ECM-based scaffolds, it is intuitive that the overall strength of the scaffold would be reduced (lower stress), that the scaffold would fail more quickly without stretching as much as at baseline (lower strain), and that it would deform more easily (lower modulus) than at baseline. Crosslinking introduces additional bonds into the collagen structure of the scaffold. Thus, crosslinked scaffolds are expected to display greater initial tensile strength and modulus and lower strain compared to noncrosslinked scaffolds. It was also hypothesized that crosslinked scaffolds would more effectively resist enzymatic degradation than noncrosslinked scaffolds, resulting in less pronounced changes in mechanical properties over time.
Statistical analysis
A one-way analysis of variance (ANOVA) was performed using Systat software ver. 12.0 (Systat Software, Inc., Chicago, IL), followed by a Fisher's LSD post-test as appropriate. Statistical significance was set at the p \ 0.05 level.
Results
Rarely, mesh failures occurred near the grip rather than in the narrowed central region of the specimen. This occurred in one of 10 (10 %) of the Veritas Ò (2-h incubation only) and 1 of 10 (10 %) of the CollaMend TM (30-h incubation only) scaffolds. Data from these grip failures was excluded from statistical analysis. Values reported for these materials at these incubation times are based on nine data points rather than ten and are denoted with an asterisk above the bars in the graphs shown in Figs. 2, 3 and 4.
In addition, some scaffolds were so degraded after one or many of the incubation periods that mechanical testing was impossible. Strengths of 0 MPa were recorded for these specimens, but strain and modulus could not be calculated under these circumstances. All of the Permacol TM After the scaffolds were analyzed within each scaffold type for changes in ultimate tensile strength over time, the scaffolds were then grouped by tissue type and analyzed for differences between the ultimate tensile strength of crosslinked and noncrosslinked scaffolds of the same tissue type.
One of the crosslinked porcine dermis scaffolds (Permacol TM ) was significantly stronger than both noncrosslinked porcine dermis scaffolds (Strattice  TM and  XenMatrix  TM ) , as well as significantly stronger than the other crosslinked porcine dermis (CollaMend TM ) at all incubation periods evaluated (i.e., 0, 2, 6, 12, 24, and 30 h, p \ 0.0001 in all cases). For the bovine pericardium scaffolds, the crosslinked scaffold (PeriGuard Ò ) initially possessed significantly greater ultimate tensile strength and maintained significantly greater ultimate tensile strength throughout all of the Tensile strain (%)
Tensile strain data are depicted in Fig. 3 Once the scaffolds were analyzed within each scaffold type for changes in strain over time, the scaffolds were then grouped by tissue type and analyzed for differences in strain between crosslinked and noncrosslinked scaffolds of the same tissue type. No significant differences were observed for the bovine pericardium scaffolds. The crosslinked bovine pericardium (PeriGuard Ò ) exhibited significantly lower baseline strain before exposure to collagenase (p \ 0.0001). However, after 2 or 6 h of exposure to collagenase, no significant differences were detected between these materials (p [ 0.05 in both cases).
Modulus (MPa)
Modulus data are depicted in Fig. 4 Once the scaffolds were analyzed within each scaffold type for changes in modulus over time, the scaffolds were then grouped by tissue type and analyzed for differences in modulus between crosslinked and noncrosslinked scaffolds of the same tissue type.
One For the bovine pericardium scaffolds, the crosslinked scaffold (PeriGuard Ò ) initially possessed significantly greater modulus and maintained significantly greater modulus throughout all of the exposure periods compared to the noncrosslinked scaffold (Veritas Ò , p \ 0.0001 in all cases).
Discussion
As more biological scaffold options are developed, it is critical that the properties of these materials and their suitability for potential applications such as hernia repair are fully characterized and understood. The processing that each scaffold undergoes (i.e., decellularization, crosslinking, and sterilization) plays a key role in the resulting scaffold properties and appropriateness for long-term repair. Decellularization is typically accomplished via chemical or enzymatic treatments to lyse the native cells present in the tissue, followed by a series of rinses to remove cellular components and debris [20] . A wide variety of decellularization protocols exist, and tissues derived from different species or different anatomical locations typically require unique combinations of decellularization agents. This information is generally withheld by manufacturers as proprietary, making it especially difficult to determine how the properties of the original tissue may have been impacted by the decellularization process. Crosslinking is an additional step that is sometimes added to the processing of biological scaffolds. Additional bonds are introduced into the collagen structure during crosslinking, improving tensile strength and resistance against enzymatic degradation. Similar to decellularization, crosslinking is accomplished through a variety of chemical agents such as carbodiimides [21] [22] [23] [24] , glutaraldehyde [25] [26] [27] , and hexamethylene diisocyanate [25] . Sterilization represents the final step in the processing of biological scaffolds. Again, a variety of methods are employed, including ethanol treatment, gamma irradiation, ethylene oxide, and e-beam techniques. Of these three major steps, only crosslinking is intended to alter the original properties of the tissue that is being processed into a biological scaffold. However, it is possible that dehydration or unintentional crosslinking occurs during the decellularization and/or sterilization aspects of the process, ultimately impacting the final properties of the scaffold.
In addition to the processing variables of decellularization, crosslinking, and sterilization, scaffolds derived from different species (i.e., human, porcine, bovine), tissue types (i.e., dermis, pericardium, small intestine submucosa), or anatomical locations (i.e., back, arms, legs) exhibit a variety of properties based on their original physiological function. These differences, coupled with differences in processing techniques, lead to an abundance of variables and make it extremely difficult to determine which aspects are responsible for the final properties of the scaffold. Due to this abundance of variables, we chose to evaluate the effect of enzymatic degradation on the mechanical properties of a variety of biological scaffold materials. By evaluating multiple scaffolds of identical species/tissue type (e.g., porcine dermis) and crosslinking status (e.g., noncrosslinked), any differences observed between these particular scaffolds must be due to specific processing conditions such as decellularization and sterilization techniques unique to those scaffolds. In this way, we hoped to determine whether any other processing conditions besides crosslinking affect the scaffold's ability to resist enzymatic degradation and maintain mechanical integrity. By investigating multiple crosslinked scaffolds of identical species/ tissue type (e.g., porcine dermis), we also hoped to better determine the impact of different types of crosslinking agents on a scaffold's ability to resist enzymatic degradation and maintain mechanical integrity.
Degradation of the scaffold and loss of mechanical integrity were hypothesized to result in significantly reduced tensile strength, tensile strain, and modulus over time. As the collagenase enzymes digest the collagen structure of the ECM-based scaffolds, it is intuitive that the overall strength of the scaffold would be reduced (lower stress), that the scaffold would fail more quickly without stretching as much as at baseline (lower strain), and that it would deform more easily (lower modulus) than at baseline. Crosslinking introduces additional bonds into the collagen structure of the scaffold. Thus, crosslinked scaffolds were expected to display greater initial tensile strength and modulus and lower strain compared to noncrosslinked scaffolds. It was also hypothesized that crosslinked scaffolds would more effectively resist enzymatic degradation than noncrosslinked scaffolds, resulting in less pronounced changes in mechanical properties over time. Scaffolds that are able to maintain their initial mechanical characteristics after prolonged exposure to a collagenase environment may be particularly advantageous for longterm repair scenarios such as hernia repair, especially when elevated enzyme levels are expected.
Beginning with the porcine dermis scaffolds, four scaffolds were evaluated, including two crosslinked (Permacol TM and CollaMend TM ) and two noncrosslinked (Strattice TM and XenMatrix TM ). Since all are derived from the same species and type of tissue, variables are limited. The only potential differences between the noncrosslinked porcine dermis scaffolds (Strattice TM and XenMatrix TM ) are the decellularization and sterilization techniques since neither are crosslinked. Both of these scaffolds are sterilized through e-beam techniques [18] , so any differences observed between Strattice TM and XenMatrix TM scaffolds are due to the intricacies of their unique decellularization processes, which are withheld by the manufacturers as proprietary.
Differences between the other porcine dermis scaffolds (Permacol TM and CollaMend TM ) are more complex since these scaffolds are crosslinked with different crosslinking agents [hexamethylene diisocyanate and 1-ethyl-(3-dimethylaminopropyl)-carbodiimide hydrochloride, respectively]. Additionally, different sterilization methods are also utilized (gamma irradiation and ethylene oxide, respectively), and differences in the decellularization process are also likely but withheld by the manufacturers as proprietary [18] . Differences between Permacol TM and CollaMend TM could be due to any or all of these processing steps (i.e., decellularization, crosslinking, and sterilization).
In terms of initial mechanical properties, Permacol TM (crosslinked porcine dermis) was the strongest at time zero of all of the scaffolds evaluated, including all of the other porcine dermis scaffolds, and it remained significantly stronger than all other scaffold types over all of the exposure periods evaluated (i.e., 2, 6, 12, 24, and 30 h). Permacol TM did exhibit some slight loss of strength over time, but because it started out so much stronger than the others, it never dropped below any of the other scaffolds. Strain and modulus remained relatively unchanged for Permacol TM , suggesting that Permacol TM scaffolds effectively resisted enzymatic degradation, ultimately preventing substantial changes in mechanical properties.
The other crosslinked porcine dermis scaffold (CollaMend TM ) was initially weaker than Permacol TM and one of the noncrosslinked porcine dermis scaffolds (Strattice TM ) and similar in tensile strength to the other noncrosslinked porcine dermis scaffold (XenMatrix TM ). However, Strattice TM and XenMatrix TM both demonstrated a pronounced loss of strength over time, while CollaMend TM remained unchanged until the later time points (24 and 30 h) when an overall significant decrease in strength was observed. Strain was significantly reduced after the 30-h exposure period, but modulus remained relatively unchanged throughout the experiment. This is intuitive since CollaMend TM is crosslinked. The additional bonds imparted during crosslinking slowed the degradation of the porcine dermis. However, Permacol TM (which is also crosslinked) still outperformed CollaMend TM , indicating that the particular crosslinking agent or other aspects of the processing of the Permacol TM scaffolds (i.e., specific details of the decellularization or sterilization protocols) may allow for more effective maintenance of mechanical integrity in an environment with elevated enzyme levels.
Strattice TM and XenMatrix TM possessed similar tensile strength at time zero, but both lost a significant amount of strength over time. However, Strattice TM maintained its strength better than XenMatrix TM overall. XenMatrix TM was so degraded by 12 h that none of the specimens could be evaluated mechanically at 12, 24, or 30 hours, and the strength was recorded as 0 MPa for these exposure periods. Strattice TM scaffolds were measureable even after 30 h, demonstrating that this scaffold resisted degradation more effectively than XenMatrix TM even though neither are crosslinked. Again, the only difference between these two scaffolds is the decellularization protocol. These results indicate that some aspect of the decellularization protocol for Strattice TM improves the ability of a noncrosslinked porcine dermis material to resist enzymatic degradation and maintain initial tensile strength for a longer period of time. It is possible that unintentional crosslinking occurs during the processing of Strattice TM scaffolds, leading to improved resistance to enzymatic degradation. Strain was significantly reduced after 30 h of exposure to collagenase solution for both Strattice TM and XenMatrix TM , indicating that after sufficient exposure, both noncrosslinked porcine dermis are degraded enough to impact their ability to stretch. Modulus remained relatively unchanged for XenMatrix TM , but modulus was decreased overall after 30 h of exposure for Strattice TM scaffolds. However, it should be noted that the modulus for Strattice TM was initially much higher than that for XenMatrix TM . Thus, even after a significant reduction, the modulus for Strattice TM is subjected to a low-dose gamma treatment, making these the key differences between the scaffolds in terms of processing variables [18] . However, because these scaffolds are derived from human tissues, many other variables exist such as donor variables (i.e., age, sex, body mass index, history of smoking, history of diabetes, and other comorbidities) or anatomical harvest location (i.e., back, arms, legs). It is likely that there is a difference in the properties of dermis derived from a young, healthy, physically fit donor compared to an elderly, obese, diabetic donor or even between dermis harvested from the back versus the legs of the same donor. The abundance of variables makes it especially difficult to compare human dermis-derived scaffolds and makes it particularly frustrating to surgeons as their surgical technique cannot be altered to overcome these variables.
Although AlloMax TM initially possessed almost twice the tensile strength of FlexHD Ò at time zero, AlloMax TM lost a significant amount of tensile strength after only brief exposure to collagenase (i.e., 2 and 6 h) and became immeasurable at the later time points (24 and 30 h). Meanwhile, the tensile strength of FlexHD Ò remained relatively unchanged over time, suggesting that differences in processing variables allow FlexHD Ò to more effectively resist degradation than AlloMax TM . Of course, donor variables such as age, sex, comorbidities, and tissue harvest variables (time of harvest as well as site) cannot be ignored. In addition, FlexHD Ò exhibited greater strain and greater modulus than AlloMax TM in the early exposure periods (i.e., 2, 6, and 12 h).
Two bovine pericardium-derived scaffolds were also evaluated (Veritas Ò and PeriGuard Ò ). The PeriGuard Ò scaffold is crosslinked via glutaraldehyde treatment, while the Veritas Ò scaffold is not crosslinked. Sterilization occurs through e-beam treatment for the Veritas Ò scaffold and through ethanol and propylene oxide treatment for the PeriGuard Ò scaffold [18] . Decellularization is likely similar since both are derived from the same species/tissue type and are processed by the same manufacturer, although this information was withheld by the manufacturer as proprietary. Thus, differences between Veritas Ò and PeriGuard Ò are likely attributable primarily to the presence or absence of glutaraldehyde crosslinking treatment and potentially impacted somewhat by different sterilization techniques. PeriGuard Ò was initially much stronger than Veritas Ò at time zero and maintained its initial strength, strain, and modulus characteristics after 30 h of exposure to collagenase. However, Veritas Ò lost a significant amount of tensile strength and ability to stretch early on and could not be evaluated mechanically after 6, 12, 24, or 30 h. These results suggest that crosslinking bovine pericardium with glutaraldehyde effectively prevents rapid enzymatic degradation and loss of mechanical integrity of bovine pericardium tissue in an in vitro environment that simulates exposure to elevated enzyme levels in vivo.
Surgisis TM was the ninth scaffold evaluated during this study. This material falls into a unique category as it is currently the only porcine small intestine submucosaderived product on the market for hernia repair applications. This scaffold is decellularized according to a proprietary protocol, is not crosslinked, and is sterilized through ethylene oxide treatments [18] . Surgisis TM was the only scaffold that did not exhibit any significant change in tensile strength, strain, and modulus over time. However, the initial tensile strength, strain, and modulus of this material were very low (the lowest of all of the scaffolds evaluated), and it was completely degraded and immeasurable after 6, 12, 24, and 30 h. These results indicate that this scaffold may not be appropriate for clinical scenarios in which elevated enzyme levels are expected.
The results of this study revealed that, in general, crosslinking improved the ability of biological tissue-based scaffolds to resist enzymatic degradation and maintain initial mechanical properties. This was particularly evident in scaffolds such as crosslinked porcine dermis (Permacol TM ) and crosslinked bovine pericardium (PeriGuard Ò ), which possessed greater initial tensile strength than their noncrosslinked counterparts. These particular scaffolds maintained their initial tensile strength after prolonged exposure to an enzymatic solution. However, the results of this study also revealed that widespread generalizations cannot be made between all noncrosslinked versus all crosslinked scaffolds. The results demonstrated substantial differences between noncrosslinked scaffolds derived from different species and types of tissues, as well as between scaffolds that differ only in the details of the decellularization protocol.
Although the results of this study are compelling, it is important to point out a few limitations. First, the experiments presented here represent an in vitro model of an extremely complex in vivo environment. It is impossible to fully capture all aspects of the in vivo environment, particularly those patient-specific factors such as comorbidities which may impact the wound-healing response and alter the environment encountered by the scaffold.
Second, the correlation between the 20-U/mL collagenase concentration used here and typical in vivo levels of collagenases has not yet been established. This level was chosen based on preliminary experiments and does not represent a particular clinical scenario.
Third, measuring the strength of these scaffolds after degradation by an enzyme solution alone ignores the mechanical strength that would be imparted during in vivo remodeling in which the patient's cells would deposit collagen and other ECM proteins at the repair site. Scaffold degradation and neotissue deposition are complimentary in vivo, and this in vitro model does not capture these complexities. Furthermore, it was cost-prohibitive to pursue biaxial evaluation of the mechanical properties of these biological scaffolds due to the large specimen size required for ball burst testing (7.5 9 7.5 cm) versus uniaxial testing (1 9 6 cm). Ball burst testing would provide an even better approximation of the conditions of the human abdomen due to the biaxial nature of this test and should be pursued in future studies.
Fourth, the specimens were cut from the sheets of scaffolds in such a way as to maximize the number of specimens prepared from each sheet and to reduce waste of extremely costly materials. Thus, the specimens were not all oriented in the same direction. Because these scaffolds are derived from biological tissues, it is likely that the collagen fibers making up the original tissues are oriented in a particular direction due to the physiological function of the tissue or the anatomical location from which the scaffold was derived. However, this fiber alignment pattern is not readily detectable once the tissues have been processed and packaged, so no attempt was made to evaluate these effects in this study.
Finally, multiple sheets of each type of scaffold were utilized to prepare the 60 specimens needed for this study, and no attempt was made to differentiate specimens cut from one sheet versus another sheet. It is likely that the mechanical properties of the scaffolds differ slightly based on specimen orientation relative to the original fiber structure of the tissue and potentially even between different sheets or lots of the same scaffold type due to differences between donors or tissue harvest location. By not controlling these variables, the specimens in this study represent the variety of scaffold properties available to the surgeon in actual clinical experience when these scaffolds are utilized in the operating room.
Overall, this in vitro model provided the first insights into how processing and donor variables impact the mechanical properties of a variety of biological scaffolds and improved understanding of which scaffolds are most at risk for rapid degradation when utilized in a wound environment with elevated levels of MMPs.
Conclusions
Materials that deteriorate rapidly after in vitro enzymatic exposure may also deteriorate rapidly in vivo, particularly when exposed to a wound environment with elevated levels of MMPs. 
